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Li2FeSi04/C  composites  doped  by  vanadium  at  Fe/Si  sites  have  been  investigated  as  cathode  materials  for 
lithium  ion  batteries.  Effects  of  vanadium  substitution  at  different  sites  on  the  structure  of  Li2FeSi04/C 
are  examined  by  X-ray  diffraction,  X-photoelectron  spectroscopy  and  scanning  electron  microscopy.  XPS 
results  show  that  the  oxidation  state  of  vanadium  doped  at  Fe  sites  is  +3,  whereas  is  +5  when  doped  at 
Si  sites.  Electrochemical  measurements  show  that  the  Li2FeSio.9V0.i04/C  sample  exhibits  the  best  elec¬ 
trochemical  performance  with  initial  discharge  capacity  of  159mAhg_1  and  excellent  cyclability  with 
capacity  of  145mAhg_1  at  30th  cycle,  which  can  be  ascribed  to  larger  cell  volume  and  higher  lithium 
ion  diffusion  coefficient,  however,  the  initial  discharge  of  the  Li2Fe0.9Vo.iSi04/C  sample  is  only  90%  of  the 
undoped  Li2FeSi04,  which  can  be  attributed  to  the  loss  of  Fe  content. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  demonstration  of  reversible  electrochemical  lithium 
insertion-extraction  for  Li2FeSi04  by  Nyten  et  al.  [1  ],  many  works 
have  been  devoted  to  the  study  of  this  cathode  material  due  to  its 
low  cost,  environmental  benignity  and  high  theoretical  capacity 
(166mAhg_1)  [2-7].  To  overcome  its  intrinsic  low  electrical  con¬ 
ductivity  of  pristine  Li2FeSi04,  considerable  efforts  have  been  made 
by  carbon  coating,  particle  size  reduction,  and  super-valence  ion 
doping  [8-10]. 

Although  isovalent  cation  doping  can  improve  the  electrochem¬ 
ical  properties  of  Li2FeSi04  by  expanding  its  cell  size  and  refining 
the  particle  size  [11],  aliovalent  cation  doping  is  considered  to  be  a 
more  effective  way  to  modify  its  intrinsic  properties  such  as  elec¬ 
trical  and  ionic  conductivities  [12].  Flowever,  if  an  aliovalent  cation 
could  be  indeed  incorporated  into  the  as-prepared  materials,  it 
might  lead  to  vacancies  at  Li  sites  because  of  the  need  for  charge  bal¬ 
ance  [13].  Those  vacancies  might  be  expected  to  enhanced  lithium 
ion  conductivity,  and  therefore  higher  power  capabilities.  Although 
low-level  doping  at  Fe  sites  could  improve  electrochemical  proper¬ 
ties  of  electrode  materials,  high-level  doping  at  Fe  sites  could  lead 
to  lower  capacity,  because  of  reduction  of  Fe  content  [14]. 

Traditionally,  super-valence  ion  doping  at  Fe  sites  is  a  normal 
way  for  phosphates  and  silicates  type  materials  [15],  however, 
doping  at  anion  sites  was  proved  an  effective  way  for  material 
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improvement.  Flong  et  al.  prepared  LiFePi_yVy04  (0<y<0.2) 
under  reducing  condition,  and  demonstrated  that  5%  vana¬ 
dium  dopants  could  improve  the  electrochemical  performance  of 
LiFeP04  [16].  Recently,  substitution  of  Si044-  with  X04z_  (X  =  V, 
Ti  or  Al,  Z=3,  4  or  5)  polyanions  in  Li2MSi04  (M  =  Fe,  Mn  or  Ni) 
was  also  reported  [17,18].  The  effect  of  V043-  polyanions  substitu¬ 
tion  for  Si044-  in  the  orthosilicate  material  Li2FeSi04  was  studied 
by  Density  Functional  Theory  (DFT),  which  demonstrated  that  its 
structure  could  be  stable  for  <30%  V043-  substitution  [18].  In  this 
work,  the  effects  of  vanadium  substitution  at  different  sites  on  the 
characterization  and  electrochemical  performance  of  Li2FeSi04/C 
will  be  investigated. 

2.  Experimental 

2.1.  Preparation  and  characterization 

All  the  samples  (Li2FeSi04/C,  Li2Fe0.gVo.iSi04/C,  and 
Li2FeSio.gV0.i04/C)  were  prepared  by  sol-gel  process.  The  sto¬ 
ichiometric  amounts  of  LiCIT3C00-2IT20,  Fe(N03)3-9IT20,  TEOS 
and  NIT4V03  were  used  as  precursors.  First,  Fe(N03)3-9IT20  was 
dissolved  in  distilled  water.  Then,  a  saturated  aqueous  solution 
of  citric  acid  was  slowly  added  as  chelating  agent  and  carbon 
source  under  magnetic  stirring  at  60  °C.  Subsequently  solutions 
of  LiCH3C00-2IT20,  NH4V03  were  added  in  turn,  and  an  ethanol 
solution  of  TEOS  was  added  dropwise.  Then  the  mixture  was 
stirred  and  refluxed  at  80  °C  for  24  h.  The  obtained  solution  was 
gently  heated  at  70  °C  to  remove  the  excess  water  and  ethanol. 
The  resulting  gel  precursor  was  dried  at  100°C  in  a  vacuum  oven 
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Fig.  1.  XRD  patterns  of  the  as-prepared  samples. 

overnight.  The  dried  precursor  was  sintered  at  350  °C  for  5  h,  and 
then  ground  by  a  mortar  and  pestle,  followed  by  further  sintering 
at  650  °C  for  10  h  in  an  Ar-H2  (5%)  atmosphere. 

The  structures  of  the  as-prepared  materials  were  characterized 
by  X-ray  powder  diffraction  analysis  (XRD,  Bruker,  4  Advance,  D8, 
model)  using  Cu  Ka  radiation  (A  =  0.1 5406  nm).  Lattice  parameters 
from  the  materials  were  refined  by  the  Rietveld  analysis  (Accel- 
rys  MS  model  5.0).  Morphological  studies  were  conducted  using  a 
JEOLJMS  6390  scanning  electron  microscope.  The  chemical  valence 
states  of  vanadium  ions  on  the  surface  of  the  V-doped  samples 
were  investigated  by  using  X-ray  photoelectron  spectroscopy  (XPS, 
Perkin  Elmer  PHI-5000C  ESCA  system). 

2.2.  Electrochemical  measurements 

The  electrochemical  properties  of  the  as-prepared  samples  were 
assessed  using  CR2016  coin  cells.  The  composite  electrodes  were 
constructed  by  mixing  the  active  materials,  super  P  carbon  black 
and  polytetrafluoroethylene  (PTFE)  in  the  weight  ratio  of  70:20:10. 
The  mixture  was  rolled  into  a  thin  sheet  with  uniform  thickness 
and  then  pressed  onto  an  aluminum  mesh.  The  cathode  was  cir¬ 
cular  with  a  10  mm  diameter  and  dried  under  vacuum  at  80  °C  for 
15h.  The  coin  cells  were  assembled  in  an  argon-filled  glove  box 
with  lithium  pellet  as  anode,  a  Celgard  2300  sheet  as  separator 
and  1  M  LiPF6  in  a  mixed  EC/DMC  (1:1  in  volume)  solution  as  elec¬ 
trolyte.  The  charge-discharge  measurements  were  carried  out  from 
1 .5  to  4.8  V  (vs.  Li+/Li)  using  a  Land  Cycler  (Wuhan  Jinnuo  Electronic 
Co.  Ltd.,  China).  The  electrochemical  impedance  spectroscopy  (EIS) 
measurements  were  performed  on  an  electrochemical  workstation 
(CHI  660A,  CHI  Company).  The  frequency  was  ranged  from  0.001  to 
100000  Hz  with  an  amplitude  of  0.005  V.  All  the  tests  were  per¬ 
formed  at  room  temperature. 

3.  Results  and  discussion 

Fig.  1  shows  XRD  patterns  of  the  as-prepared  samples,  which 
can  be  indexed  to  a  monoclinic  structure.  It  could  be  seen  that 
the  XRD  patterns  of  Li2Fe0.9Vo.iSi04/C  is  similar  to  that  of  the 
undoped  Li2FeSi04/C.  However,  there  is  noticeable  difference 
between  the  XRD  pattern  of  Li2FeSi0.9Vo.i04/C  and  that  of  the 
undoped  Li2FeSi04/C  for  the  peak  around  43.3°  (marked  by  ellipse), 
which  could  not  be  indexed  by  V2Os  or  V  but  is  similar  to  the  litera¬ 
tures  [  1 0,1 9,20].  So,  vanadium  is  considered  to  be  incorporated  into 
Li2FeSi04/C  at  Si  sites.  Table  1  shows  unit  cell  parameters  of  the  as- 
prepared  samples.  From  Table  1,  we  can  see  that  the  volume  of  the 


Table  1 

Unit  cell  parameters  of  the  as-prepared  samples  by  Rietveld  refinement. 


Sample 

a  (A) 

b(  A) 

c  (A) 

m°) 

V(A3) 

Li2FeSi04/C 

8.2473 

5.0144 

8.2115 

99.07 

335.35 

LLFeo.gVo.iS^/C 

8.2425 

5.0107 

8.2005 

98.96 

334.55 

Li2  FeSio.g  Vq.i  O4/C 

8.2354 

5.0162 

8.2474 

98.93 

336.58 

undoped  Li2FeSi04/C  is  bigger  than  that  of  Li2Feo.gV0.iSi04/C,  but 
smaller  than  that  of  Li2FeSi0.gV0.iO4/C,  which  could  be  explained 
by  the  different  radius  of  cation.  It  is  well  known  that  the  radius  of 
V3+  (0.74  A)  is  slightly  smaller  comparable  to  Fe2+  (0.76  A)  for  the 
substitution  of  Fe2+  for  V3+,  however,  the  radius  of  V5+  (0.59  A)  is 
extraordinarily  larger  than  Si4+  (0.41  A),  which  maybe  bring  the 
difference  of  XRD  pattern  around  43.3°.  In  details,  the  undoped 


Fig.  2.  SEM  images  of  (a)  Li2FeSi04/C,  (b)  Li2Feo.gV0.iSi04/C  and  (c) 
U2  FeSio.g  Vq.i  O4/C. 
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Fig.  3.  XPS  survey  spectrum  (a)  and  XPS  core  levels  of  V  (2p3/2)  (b)  in  the  V-doped 
samples  at  Fe/Si  sites. 


Li2FeSi04/C  has  the  largest  value  of  a  axis,  while  Li2FeSio.gV0.i04/C 
has  the  largest  value  of  b  and  c  axes.  Interestingly,  the  lattice 
parameter  of  both  V-doped  samples  decreases  a  little,  whether 
vanadium  is  incorporated  into  Fe  sites  or  Si  sites.  Anyway,  the  sim¬ 
ilarity  and  slight  difference  of  the  cell  parameter  indicated  that 
vanadium  was  sufficiently  incorporated  into  the  as-prepared  mate¬ 
rials  at  Fe/Si  sites. 

Fig.  2  shows  SEM  images  of  the  as-prepared  materials.  There  is 
no  much  difference  on  morphology,  and  all  the  samples  are  com¬ 
posed  of  agglomerated  small  primary  particles  about  100-200  nm. 

XPS  survey  spectrum  (a)  and  XPS  core  levels  of  V  (2p3/2)  (b)  in 
the  V-doped  samples  at  Fe/Si  sites  are  shown  in  Fig.  3.  The  bind¬ 
ing  energy  (BE)  scales  were  calibrated  by  using  the  containment 
carbon  (C  Is  =  284.6 eV).  For  Li2Feo.9Vo.iSi04/C,  the  V  (2P3/2)  XPS 
core  level  fits  to  a  single  peak  with  a  BE  of  516.6eV,  which  rep¬ 
resents  +3  [21,22].  However,  for  Li2FeSi0.9V0.iO4/C,  the  V  (2P3/2) 
XPS  core  level  fits  to  a  single  peak  with  a  BE  of  517.6eV,  which 
represents  +5  [23].  The  different  oxidation  states  of  vanadium  dop¬ 
ing  at  Fe/Si  sites  were  coincident  with  variation  of  relevant  ionic 
radiuses  and  the  stoichiometric  amounts  of  precursors.  In  the  case 
of  Fe:Si:V  was  0.9:1 :0.1,  vanadium  was  inclined  to  be  reduced 
under  reducing  condition  and  incorporated  into  Fe2+  sites  owing 
to  their  close  radius  sizes  and  charge-neutrality  principle,  because 
it  was  known  that  the  radius  of  V3+  (0.74  A)  was  extraordinarily 
close  to  that  of  Fe2+  (0.76  A).  And  in  the  another  case  of  Fe:Si:V 
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Fig.  4.  (a)  Initial  charge-discharge  curves  and  (b)  cycling  performances  of  the  as- 
prepared  samples. 

was  1:0.9:0.1,  V043-  should  be  intended  to  incorporate  into  the 
sites  of  Si044-  in  the  shape  of  polyanion,  because  both  of  V5+ 
and  Si4+  were  usually  existed  by  V04  and  Si04  tetrahedron  [24], 
and  it  could  not  be  reduced  during  sintering  due  to  a  mass  of  O 
atoms  around  V.  Furthermore,  vanadium  of  different  super- valence 
states  is  incorporated  into  the  as-prepared  materials,  which  results 
in  Li  deficiency  in  view  to  the  charge  compensation  mechanism, 
so  the  exact  formulation  of  V-doped  samples  should  be  written 
as  Lii.gFeo.9Vo.iSi04/C  or  Lii.9FeSio.9V0.i04/C.  Anyway,  the  differ¬ 
ence  of  vanadium  valence  state  explains  the  variation  of  the  lattice 
parameters;  on  the  other  hand,  it  is  impossible  that  vanadium  is  not 
incorporated  into  the  materials  under  the  same  preparing  condition 
with  the  variation  of  vanadium  valence  state. 

The  initial  charge-discharge  curves  at  1/1 6C  of  the  as-prepared 
samples  are  shown  in  Fig.  4a.  In  the  first  cycle,  all  the  samples  show 
relatively  large  charge  capacities  at  potentials  above  4  V,  which  is 
attributed  to  the  conjunct  oxidation  of  LiPF6  and  transition  metal 
[21  ],  because  the  initial  charge  profile  was  slowly  increasing  curve, 
which  could  not  to  be  solely  connected  to  the  oxidation  of  elec¬ 
trolyte.  It  not  only  could  be  driven  by  electrochemistry,  but  also 
had  a  chemical  origin  as  a  result  of  storage  in  the  electrolyte, 
which  resulted  in  the  incomplete  coverage  surface-film  forma¬ 
tion.  The  formation  of  this  film  and  oxidation  of  transition  metal 
were  main  factors  leading  to  the  relatively  large  charge  capac¬ 
ities  above  4  V.  It  is  also  seen  that  10%  vanadium  doping  at  Si 
sites  reduces  the  polarization,  but  exactly  opposite  for  doping  at 
Fe  sites,  which  is  defined  as  the  separation  between  charging  and 
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Fig.  5.  Electrochemical  impedance  spectra  of  the  as-prepared  samples  at  open  cir¬ 
cuit  potentials  (a);  the  relationship  curve  between  Zr  and  &r1/2  in  the  low  frequency 
(b). 


concentration  of  lithium  ion,  and  a  is  the  Warburg  factor  which  is 
relative  with  Zre : 

Zre  =RD  +  RL  +  era)-'1/2  (2) 

where  ca  is  frequency.  The  relationship  between  Zre  and  a>~^l2 
in  the  low  frequency  are  shown  in  Fig.  5b.  The  calculated 
lithium  diffusion  coefficient  D  (cm2  s-1)  of  pristine  Li2FeSi04/C  is 
4.46  x  10-14  cm2  s-1,  which  coincides  with  the  previous  reported 
[11].  The  lithium  diffusion  coefficient  of  Li2FeSio.9Vo.i04/C 
(6.91  x  1 0-14  cm2  s_1)  is  larger  than  that  of  pristine  Li2FeSi04/C,  but 
that  ofLi2Fe0.9Vo.iSi04/C  (1.29  x  10-14cm2  s-1)  is  smallest,  which 
could  be  related  to  the  cell  volume.  These  results  also  explain  why 
the  as-prepared  cathode  materials  exhibit  different  electrochemi¬ 
cal  performance. 

4.  Conclusion 

Li2FeSi04/C  cathode  materials  doped  by  vanadium  at  Fe/Si  sites 
were  prepared  by  sol-gel  method.  XRD  and  XPS  analyses  indicate 
that  vanadium  ions  are  successfully  incorporated  into  Li2FeSiO 4/C 
without  altering  its  crystal  structure.  It  is  noted  that  vanadium  dop¬ 
ing  at  Fe/Si  sites  have  different  influence  on  the  cell  parameter: 
the  cell  volume  is  expanded  when  V-doping  at  Si  sites,  but  shrunk 
when  V-doping  at  Fe  sites.  The  valence  states  of  vanadium  doping  at 
Fe/Si  sites  are  +3  or  +5  respectively.  Li2FeSi0.g  V0.i  O 4/C  gives  the  best 
electrochemical  performance,  which  can  be  explained  by  larger  cell 
volume  and  higher  lithium  ion  diffusion  coefficient.  On  the  other 
hand,  Li2Fe0.gVo.iSi04/C  exhibits  poor  performance,  which  may  be 
due  to  the  loss  of  Fe  content. 
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discharging  plateaus.  However,  the  plateau  for  V3+/V4+  or  V4+/V5+  is 
not  observed  for  V-doped  samples,  which  could  be  observed  in  the 
electrode  LiFei_xVxP04  [25].  Fig.  4b  shows  cycling  performance  of 
the  as-prepared  samples  at  1/1 6C.  Li2FeSi0.gV0.iO4/C  exhibits  the 
largest  capacity  (159  mAh  g-1),  which  is  higher  than  that  of  the 
pristine  Li2FeSi04/C  (148mAhg_1),  and  remains  91%  of  the  ini¬ 
tial  capacity  after  30  cycles.  The  maximum  of  discharge  capacity 
obtained  in  the  second  cycle  for  Li2Fe0.gV0.i  Si04/C  is  in  close  to  90% 
of  the  initial  capacity  (maximum)  of  pristine  Li2FeSi04/C,  which  can 
be  attributed  to  the  loss  of  Fe  content. 

Since  in  our  investigation,  equal  content  of  carbon  was  used  as 
an  electronic  conductive  agent,  electrochemical  impedance  spectra 
measurements  are  carried  out  mainly  to  measure  the  lithium  ion 
diffusion.  As  shown  in  Fig.  5a,  each  Nyquist  plot  is  composed  of  a 
depressed  semicircle  and  a  straight  line.  It  is  well  known  that  the 
intercept  at  the  Z  axis  in  the  high  frequency  corresponds  to  the 
Ohmic  resistance  of  the  electrolyte  (Re).  The  semicircle  is  related  to 
the  charge  transfer  resistance.  The  straight  line  in  the  low  frequency 
is  associated  with  lithium  ion  diffusion.  The  lithium  ion  diffusion 
coefficient  could  be  calculated  by  Eq.  (1 ): 

R2T2 

°  =  2A2n4F4C2a2  (1) 

where  R  is  the  gas  constant,  T  is  the  absolute  temperature;  A 
is  the  surface  area  of  the  cathode,  n  is  the  number  of  electrons 
per  molecule  during  oxidation.  F  is  the  Faraday  constant,  C  is  the 
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